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ABSTRACT. We predicted new molybdenum borides and calculated the composition-temperature 
phase diagram. Some of predicted materials are promising hard materials that are expected to be 
stable in a wide range of temperature conditions. New MoB5 phase is found to be 
thermodynamically stable in a wide range of temperatures and to have high Vickers hardness 
(37 GPa) and fracture toughness (3.5 MPa·m0.5). We studied the effect of doping MoB5 and WB5 
by group IVB-VIB transition metals on the mechanical properties and found that niobium additive 
leads to increasing of fracture toughness of WB5 with relatively small decrease of hardness.  
Introduction 
Many industrial applications rely on cutting, polishing, drilling and grinding processes, requiring 
out the use of superhard materials. Numerous experimental and theoretical studies (e.g. 1–6) were 
dedicated to the search for new cheap and effective compounds which can substitute traditional 
ones in many fields of science and technology. If the Vickers hardness is higher than 40 GPa the 
material is called superhard 7–9. The hardest phases are the carbon allotropes 10–14, cubic boron 
nitride, boron allotropes and borides, nitrides and carbides of such transition metals as 
chromium 15–17, rhenium 18, molybdenum 19–21, tungsten 22,1,23,24,3,25,4 etc. 
Molybdenum borides, just like tungsten borides, attract considerable attention in view of their 
potential superhardness. Starting from 1940’s, numerous Mo-B compounds have been reported 
experimentally, but the exact chemical composition and crystal structure of some phases is still 
under debate 26–31. Unambiguous experimental characterization of transition metal borides via X-
ray diffraction is often hindered by the large difference in atomic scattering form-factor, reducing 
the accuracy of localization of light boron atoms. Nowadays, such complications can be overcome 
by computational techniques. Total-energy calculations are widely used to compare the stabilities 
of crystal structures, which allows to support experimental data and even guide the synthesis of 
new compounds. Such approaches have been applied to the Mo-B system. Liang et. al. 20 computed 
the energies of the experimentally claimed and hypothetical crystal structures. Zhang et. al. 19 used 
the evolutionary global optimization algorithm USPEX for an unbiased study of the Mo-B phases. 
The latter work was, however, restricted to specific chemical compositions. Taking into account 
our recent results on the prediction of new tungsten pentaboride 4 with exceptional mechanical 
properties and stability, it is very important to study the Mo-B phase diagram in order to identify 
the correct crystal structure of boron-rich phases and study their physical properties. 
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In this work we present a computational study of the Mo-B system, searching through all 
possible compositions, identifying stable phases and focusing on their mechanical properties. For 
doing this, we performed a variable-composition evolutional search for stable Mo-B phases, 
calculated the composition-temperature phase diagram along with physical properties of 
promising hard phases and investigated the effect of doping on the mechanical characteristics of 
the hardest systems. 
Computational details 
Stable Mo-B phases were predicted using first-principles variable-composition evolutionary 
algorithm (EA) as implemented in the USPEX code 32–34. Here, evolutionary searches were 
combined with structure relaxations and total energy calculations using density functional theory 
(DFT) 35,36 within the generalized gradient approximation (Perdew-Burke-Ernzerhof 
functional) 37, and the projector augmented wave method 38,39 as implemented in the VASP 40–42 
package. The plane–wave energy cutoff of 500 eV, Methfessel-Paxton smearing 43 of electronic 
occupations and Г-centered k-point meshes with resolution of 2𝜋 × 0.05 Å−1 for Brillouin zone 
sampling were used, ensuring excellent convergence of total energies. During structure search, the 
first generation (120 structures) was produced randomly with up to 24 atoms (for variable-
composition search) and 36 atoms (for fixed-composition search) in the primitive unit cell, and 
succeeding generations were obtained by applying the following operators: 32–34 heredity (40%), 
softmutation (20%), transmutation (20%), 20% of each generation was produced using random 
symmetric and random topological generators.  
For the predicted crystal structures, we performed high-quality calculations of their physical 
properties. Crystal structures were relaxed until the maximum net force on atoms became less than 
0.01 eV/Å. The Monkhorst–Pack scheme 44 was used to sample the Brillouin zone, using the 
following k-points meshes 12×12×12 (𝐼4/𝑚𝑐𝑚-Mo2B), 10×8×6 (𝑃4/𝑚𝑏𝑚-Mo3B2), 8×8×2 
(𝐼41/𝑎𝑚𝑑-MoB), 8×4×8 (Cmcm-MoB), 12×12×2 (𝑅3̅𝑚-MoB2), 12×12×12 (𝑃6/𝑚𝑚𝑚-MoB2), 
12×12×2 (𝑅3̅𝑚-M2oB5), 12×12×6 (𝑅3̅𝑚-MoB3), 12×12×4 (𝑃63/𝑚𝑚𝑐-MoB4), 12×6×12 (Pmmn-
MoB5).  
The phase diagram was obtained using the computed Gibbs free energies G of the relevant 
phases in the quasiharmonic approximation 45: 
𝐺(𝑃, 𝑇) = 𝐸0(𝑉) + 𝐹𝑣𝑖𝑏(𝑇, 𝑉) + 𝑃(𝑇, 𝑉)𝑉, (1) 
where E0 is the total energy from the DFT calculations and Fvib the vibrational Helmholtz free 
energy calculated as: 
𝐹𝑣𝑖𝑏(𝑇, 𝑉) = 𝑘𝐵𝑇∫ 𝑔(𝜔(𝑉)) 𝑙𝑛 [1 − 𝑒𝑥𝑝 (−
ℏ𝜔(𝑉)
𝑘𝐵𝑇
)] 𝑑𝜔
𝛺
+
1
2
∫ 𝑔(𝜔(𝑉))ℏ𝜔𝑑𝜔 (2) 
and pressure is 
𝑃(𝑇, 𝑉) = −
𝜕(𝐸0(𝑉) + 𝐹𝑣𝑖𝑏(𝑇, 𝑉))
𝜕𝑉
. (3) 
Here 𝑔(𝜔(𝑉)) is the phonon density of states at the given volume, calculated using the finite-
displacement method using a combination of VASP 40–42 and PHONOPY 46,47. Once Gibbs free 
energies are computed, phase equilibrium lines on the phase diagram are determined as loci of 
points where free energies of phases are equal. This approach is validated by a number of 
papers. 45,48–53. 
In view of potential applications at high temperatures, we also included the anharmonic part of 
the free energy 45 
𝐹(𝑇) = 𝐸0(𝑉) + 𝐹𝑣𝑖𝑏(𝑉, 𝑇) + 𝐹𝐴(𝑉, 𝑇), (4) 
where determined the anharmonic contribution is approximated as follows 54:  
𝐹𝐴(𝑉, 𝑇) ≈ 𝐴2𝑇
2, (5) 
where, empirically 54 
𝐴2 =
3𝑘𝐵
Θ𝐻
(0.0078〈𝛾〉 − 0.0154 ). (6) 
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Here ΘH is the high-temperature harmonic Debye temperature defined as 45 
Θ𝐻 =
ℏ
𝑘𝐵
(
5
3
〈𝜔2〉)
1
2
, (7) 
where <ω2> is the average squared harmonic phonon frequency. In Debye theory, the average 
Grüneisen parameter 〈𝛾〉 can be calculated as 
〈𝛾〉 = −
𝑑𝑙𝑛(Θ𝐻)
𝑑𝑙𝑛(𝑉)
. (8) 
The Grüneisen parameter can be calculated from the dependence of phonon modes on applied 
pressure using the following relation 55: 
〈𝛾〉 = 〈𝛾𝑖〉 = 〈
𝑑𝑙𝑛(𝜔𝑖)
𝑑𝑙𝑛(𝑉)
〉, (9) 
where ωi is the phonon frequency of ith mode. 
Both equations ((8) and (9)) give similar values of Grüneisen parameter within ±0.08. For 
example, for pure molybdenum we obtain the average Grüneisen parameters of 1.73 (eq. (8)) and 
1.71 (eq. (9)), both of which are in good agreement with the experimental value of ~1.7 from 
Ref. 56. Grüneisen parameters calculated for h-BN (0.09) and c-BN (1.02) are also in agreement 
with reference data (0.1 and 0.95, respectively) 45. 
Vickers hardness was estimated according to Lyakhov-Oganov 57 (𝐻𝑉
𝐿𝑂) and Chen’s 58 (𝐻𝑉
𝐶) 
models. Test calculations of Vickers hardness for a number of materials using Chen’s model agree 
well with the reference experimental data: diamond – 98 (~96 59), TiN – 22.6 (20.5 60), c-BN – 
56.9 (~55 7,61). 
Fracture toughness was calculated using an empirical model from Ref. 62. Calculated values of 
fracture toughness for well-studied materials nicely agree with experimental data: 6.33 MPa·m0.5 
(4-7 MPa·m0.5 63–65) for diamond, 5.37 MPa·m0.5 (5-8 MPa·m0.5 66,67) for WC, 3.3 MPa·m0.5 (3.5-
5 MPa·m0.5 66) for TiN and 5.41 MPa·m0.5 (2-5 MPa·m0.5 64,61) for c-BN.  
Results and discussions 
We start by performing a variable-composition evolutionary search for stable Mo-B compounds 
using the USPEX algorithm. By definition, a thermodynamically stable phase has lower Gibbs 
free energy (or, at zero Kelvin, lower enthalpy) than any phase or phase assemblage of the same 
composition. Thus, phases that are located on the convex hull are the ones stable at given 
conditions. Fig. 1a shows the calculated convex hull diagram at 0 K. Here, the zero-point energy 
contribution was taken into account for structures. We then investigated the effect of temperature 
by calculating the Gibbs free energy of each phase using the above anharmonic (AHA) 
approximation (see equation (4)). Gibbs free energies were calculated in the temperature range 
from 0 to 2500 K (melting temperatures of α-B and Mo are about 2400 and 2900 K 68, respectively) 
with the increment of 100 K. It is known from previous experimental and theoretical works 69–73 
that α and β phases of boron are isenthalpic at 0 K. But at higher temperatures the energy difference 
of these phases reaches 60 meV/atom at 2000 K 73, which may sufficiently change the stability of 
predicted Mo-B phases at higher temperatures. As the structure of β-B is disordered we computed 
two models: β-B105 from Ref. 70 and recently predicted low-energy β-B106 from Ref. 74. The Gibbs 
free energies of formation of these phases in comparison with α-B12 are shown in Fig. S1 (see 
Supporting Information). β-B106 possesses lowest energy (0.5 meV/atom higher α-B12 at 0 K), 
while β-B105 is 27 meV/atom higher than α-B12 at 0 K. Temperature increase leads to stabilization 
of β-B106 at temperature higher than 100 K (see Fig. S1 in Supporting Information). Thus, this 
phase was used in further calculations of phase diagram at finite temperature, shown in Fig. 1b.  
The only stable phases at 0 K are 𝐼41/𝑎𝑚𝑑-MoB (α-MoB), 𝑅3̅𝑚-MoB2 and Pmmn-MoB5. 
Other phases including 𝐼4/𝑚𝑐𝑚-Mo2B, 𝑃4/𝑚𝑏𝑚-Mo3B2, Cmcm-MoB (β-MoB), 𝑃63/𝑚𝑚𝑐 –
MoB2, 𝑃6/𝑚𝑚𝑚 –MoB2, 𝑃63/𝑚𝑚𝑐 -Mo2B5, 𝑅3̅𝑚-MoB3 and 𝑃63/𝑚𝑚𝑐 -MoB4 are found to be 
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metastable and shown by open circles. We now discuss each of the phases separately going from 
lower boron content to the boron-richest phases. 
The calculated Mo2B (CuAl2 prototype) belongs to the 𝐼4/𝑚𝑐𝑚 space group and is well-known 
from experimental studies 26–28,31. The formation energy of this phase lies slightly above the 
convex hull, indicating that it is metastable at 0 K, which agrees with previous theoretical 
findings 19,20. However, our study of temperature stability (see Fig. 1b) shows that this compound 
becomes stable at temperatures above 400 K, which nicely agrees with experimental data 26,28,31, 
shown by red star in Fig. 1b.  
Boron-poor 𝑃4/𝑚𝑏𝑚-Mo3B2 is also found to be metastable at 0 K. It was firstly reported by 
Steinitz et al. in 1952 28, though some later works doubted the existence of this phase 31. Our 
calculations show that 𝑃4/𝑚𝑏𝑚-Mo3B2 stabilizes at temperatures higher than 1600 K, see Fig. 
1b. This result qualifies the Mo3B2 as a high-temperature phase, in agreement with experimental 
observations, where Mo3B2 was found at temperatures above 1550 K 28. 
We also obtained the two known MoB phases, namely 𝐼41/𝑎𝑚𝑑-MoB (α-MoB) and Cmcm-
MoB (β-MoB), see Fig. 1a. The formation enthalpy of β-MoB at 0 K is higher by 17 meV/atom 
(including ZPE) than that of α-MoB. The 𝐼41/𝑎𝑚𝑑-MoB undergoes phase transition to high-
temperature Cmcm-MoB at ~1900 K (see Fig. 1b), which nicely agrees with experimental data and 
theoretical predictions 28,31,20. However, for MoB no new low-temperature phases were 
discovered, in contrast to WB, where a new 𝑃4̅21𝑚-WB was predicted to be stable at T < 300 K 
4. 
𝑃4̅21𝑚-MoB phase was found to be higher in energy than β-MoB by 36 meV/atom. 
The chemical composition and crystal structure of the boron-rich Mo-B phases have been subject 
of debate for a long time. We obtained two low-energy structures for MoB2, namely 𝑅3̅𝑚-MoB2, 
𝑃63/𝑚𝑚𝑐 –MoB2 (see Fig. 1a). Successful synthesis of MoB2 was firstly reported by Steinitz 
28 
with the AlB2-type structure (𝑃6/𝑚𝑚𝑚 space group) 31. Later studies by Higashi et al. 75 reported 
the 𝑅3̅𝑚 (hR18) phase. Our calculations show that the enthalpy of formation of 𝑃6/𝑚𝑚𝑚-MoB2 
at 0 K (including ZPE) is higher by 155 meV/atom (including ZPE) compared to 𝑅3̅𝑚-MoB2, 
which agrees with previous theoretical studies 19,20. The structure of 𝑃63/𝑚𝑚𝑐-MoB2 corresponds 
to the hP12-WB2-type proposed in Ref. 20 and lies 13 meV/atom (including ZPE) above the 
lowest-energy 𝑅3̅𝑚-MoB2. According to our calculations the 𝑅3̅𝑚-MoB2 is stable only at 
temperatures below 1100 K and transforms to 𝑃63/𝑚𝑚𝑐-MoB2 at higher temperatures (see Fig. 
1b). The stability field of 𝑃63/𝑚𝑚𝑐-MoB2 is in agreement with experimental data 
28,31,76.  
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Fig. 1. a) Calculated convex hull for Mo-B system. Open circles represent metastable phases, solid 
circles are thermodynamically stable phases including 𝐼41/𝑎𝑚𝑑-MoB, 𝑅3̅𝑚-MoB2 and Pmmn-
MoB5. Square denotes the hypothetical 𝐼4/𝑚𝑐𝑚-Mo5B3 structure from Ref. 20; b) temperature-
composition diagram of stability calculated within AHA (eq. (4)). Red stars denote the 
experimental data from Steinitz et al. 28 Open circles denote theoretical data from Ref. 20.  
Mo2B5 was reported in a number of experimental works 26,28,31 and was firstly described as a 
structure with alternating planar hexagonal and puckered (with additional B atoms) hexagonal 
boron layers separated by Mo layers 26,27. The existence of this phase has been questioned by 
experiments 75,77 and concluded to be a misinterpreted hR18-Mo2B4 structure with 𝑅3̅𝑚 space 
group. Later another new metastable, lower-energy 𝑃63/𝑚𝑚𝑐-Mo2B5 with different structure was 
predicted theoretically 19. We found the 𝑅3̅𝑚-Mo2B5 to be unstable with positive formation 
enthalpy of 73 meV and the 𝑃63/𝑚𝑚𝑐-Mo2B5 to be 25 meV/atom above the convex hull 
(including ZPE, see Fig. 1a) which agrees with previous theoretical data 19,20. However, according 
to our temperature-dependent formation enthalpy calculations, neither the 𝑅3̅𝑚-Mo2B5, nor the 
𝑃63/𝑚𝑚𝑐-Mo2B5 phases are becoming stable due to thermal effects (see Fig. S2 in Supporting 
Information). The comparison of calculated enthalpies of formation of Mo2B, MoB and MoB2 
phases with experimental data from Ref. 78 provided in Table S3 (see Supporting Information). 
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We found the 𝑅3̅𝑚-MoB3 phase to be metastable at 0 K (15 meV/atom above the convex hull), 
in agreement with previous theoretical considerations. The temperature increase leads to the 
stabilization of 𝑅3̅𝑚-MoB3 at T above 1500 K (see Fig. 1b). We would also to point out, that 
Ref. 20 suggested that 𝑃63/𝑚𝑚𝑐-MoB3 becomes more stable than 𝑅3̅𝑚-MoB3 at temperatures 
above 1817 K. We calculate 𝑃63/𝑚𝑚𝑐-MoB3 to be 8 meV higher in energy than 𝑅3̅𝑚 phase at 
0 K, but at temperatures above 1900 K we predict this phase to become stable, which agrees with 
Ref. 20. 
The 𝑃63/𝑚𝑚𝑐-MoB4 phase was found to be metastable in the entire considered temperature 
range. At the same time, numerous experimental works reported the synthesis of phases with the 
MoB4 composition 29,79,80. Thought no precise crystal structure for these systems has been 
reported, an averaged phase has been proposed with partial occupations of the boron and W 
atoms 81. We therefore believe, that MoB4 has a disordered structure, which has not been found 
during global optimization due to limited number of atoms considered. 
Remarkably, we predicted a new stable boron-rich MoB5 with the same crystal structure type as 
earlier reported WB5 4. This phase is made of edge- and face-sharing MoB12 hexagonal prisms and 
open B15 clusters linked by B-B bonds into a 3D-structure. The details of the crystal structure of 
all low-energy phases are given in Table S1 (see Supporting Information). It is important that 
MoB5 is stable at whole considered temperature range from 0 to 2500 K (see Fig. 1b). Wide 
stability region of MoB5 is a remarkable feature making this material potentially synthesizable and 
promising for many industrial applications, both at low and high temperatures. 
This new phase is thermodynamically stable in the wide range of temperatures (0 – 2500 K) and 
is boron-richest molybdenum boride, we performed a detailed study of its mechanical properties. 
In Table S4 (see Supporting Information) the elastic tensor Cij, Vickers hardness Hv and fracture 
toughness KIC are presented. One can see that MoB5 and MoB3 have the best hardness and fracture 
toughness.  
The Ashby plot of Vickers hardness vs fracture toughness was constructed (see Fig. 2), which 
allows one to clearly find materials with an optimal combination of Vickers hardness and fracture 
toughness. Phases predicted here are denoted by red circles, while black and blue points 
correspond to known materials (diamond, α-B, c-BN, WC, TiN, CrB4 etc.) and W-B phases from 
Ref. 4, respectively. The best combination of hardness and fracture toughness, if one excludes high 
pressure phases (diamond and cubic BN), belongs to CrB4, WB5 and WC. ZrB2, WB2 together 
with W4B7 lie on the second Pareto front. MoB3 and MoB5, predicted here, and 𝑃4̅21/𝑚-WB, are 
third best choice. MoB5 seems superior to the widely used TiN, as well as to pure B and B4C. 
MoB3 displays highest hardness among studied Mo-B phases with the hardness of 40 GPa with 
comparable fracture toughness, which makes this material promising for wide practical 
applications. 
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Fig. 2. Ashby plot of Vickers hardness vs. fracture toughness for predicted Mo-B phases (red 
points) compared with known materials (black points) and W-B phases from Ref. 4 (blue points). 
Horizontal line corresponds to Vickers hardness of WC. Black lines correspond to first five Pareto 
fronts. 
Alloying can enhance mechanical properties, e.g. Vickers hardness 83,84. We therefore study the 
effect of doping by transition metals on the mechanical properties of MoB5 and previously 
predicted 4,5 WB5. For doing this we constructed 2×1×1 supercells and replace a Mo (W) atom 
with Ti, Zr, Hf, V, Nb, Ta, Cr and W (Mo) atoms, respectively, and then carefully relaxed 
structures. 
 
Fig. 3. The dependence of Pugh ratio (G/B), Vickers hardness (HV) and fracture toughness (KIC) 
for a) MoB5 and b) WB5 doped by transition metals atoms.  
Here in the Fig. 3 the calculated values of the Pugh ratio (G/B), Vickers hardness (HV) and fracture 
toughness (KIC) are shown for the ~10% concentration of substitutional atoms. We find that Zr and 
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Nb doping slightly improve hardness and fracture toughness of MoB5. For WB5, we predict a slight 
increase of hardness (at the expense of a large drop of fracture toughness) in case of Ta-doping, 
and a strong increase of fracture toughness (at the expense of a significant decrease of hardness) 
in case of Nb-doping. 
Conclusions 
Focusing on the search of superhard materials, we performed an exhaustive computational study 
of the Mo-B system by combining evolutionary global optimization algorithms with first-
principles DFT calculations. Variable composition search revealed the structures 𝐼41/𝑎𝑚𝑑-MoB 
(α-MoB), 𝑅3̅𝑚-MoB2 and Pmmn-MoB5 to be stable at 0 K. Taking into account the temperature 
dependence of the formation energy within the anharmonic approximation, we have shown that 
the temperature increase leads to the stabilization of 𝐼4/𝑚𝑐𝑚-Mo2B, 𝑃4/𝑚𝑏𝑚-Mo3B2, Cmcm-
MoB (β-MoB), 𝑃63/𝑚𝑚𝑐 -MoB2, while 𝑅3̅𝑚-MoB3 is stable only at high temperatures and 
undergoes phase transition to 𝑃63/𝑚𝑚𝑐-MoB3 at even higher temperature of 1900 K. Beside the 
Mo-B phases known before, we predicted the predicted the stability of new MoB5 in a wide 
temperature range.  New boron-rich MoB5 is a structural analogue of the recently reported WB5 
system showing high mechanical properties, Hv = 37.4 GPa, KIC = 3.53 MPa·m0.5. Alloying of 
molybdenum and tungsten pentaborides by the 10% substitution of intrinsic metal atoms by Ti, 
Zr, Hf, V, Nb, Ta, Cr and W/Mo shows that for MoB5, the Vickers hardness can be slightly 
increased by zirconium doping (6.5% increase) with practically unchanged fracture toughness. In 
the case of WB5 the doping by Nb leads to increase of fracture toughness (~10% increase) with a 
simultaneous decrease in hardness (10% decrease), which still remains very high ~40 GPa. 
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Crystal structures  
Table S1. Crystal structures of predicted Mo-B phases. 
Phase 
Volume 
Å3/atom 
ρ 
g/cm3 
Lattice 
parameters 
Coordinates 
atom x y z 
I4/mcm-Mo2B 12.31 9.11 
a = 5.561 Å 
c = 4.781 Å 
a = 5.54 Å [1] 
c = 4.74 Å [1] 
a = 5.54 Å [2] 
c = 4.73 Å [2] 
Mo1 
B1 
0.168 
0.000 
0.331 
0.000 
0.000 
0.250 
𝐼4/𝑚𝑐𝑚-Mo5B3 11.62 9.14 
a = 5.908 Å 
c = 10.94 Å 
Mo1 
Mo2 
B1 
B2 
-0.334 
0.000 
-0.375 
0.000 
0.166 
0.000 
0.125 
0.000 
0.350 
0.000 
0.000 
0.250 
𝑃4/𝑚𝑏𝑚-Mo3B2 11.55 8.89 
a = 6.042 Å 
c = 3.164 Å 
Mo1 
Mo2 
B1 
0.172 
0.000 
-0.387 
0.672 
0.000 
0.113 
0.500 
0.000 
0.000 
𝐼41/𝑎𝑚𝑑-MoB 
(α-MoB) 
10.47 8.46 
a = 3.132 Å 
c = 17.056 Å 
a = 3.11 Å [1] 
c = 16.97 Å [1] 
a = 3.10 Å [2] 
c = 16.95 Å [2] 
Mo1 
B1 
0.000 
0.000 
0.000 
0.000 
0.302 
0.155 
𝐶𝑚𝑐𝑚-MoB 
(β-MoB) 
10.45 8.47 
a = 3.164 Å 
b = 8.539 Å 
c = 3.095 Å 
a = 3.16 Å [1] 
b = 8.61 Å [1] 
c = 3.08 Å [1] 
Mo1 
B1 
0.000 
0.000 
-0.144 
-0.441 
0.250 
0.250 
𝑅3̅𝑚-MoB2 9.23 7.04 
a = 3.024 Å 
c = 20.099 Å 
a = 3.019 Å [3] 
c = 20.961 Å [3] 
Mo1 
B1 
B2 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.075 
0.182 
0.332 
𝑃63/𝑚𝑚𝑐-MoB2 9.24 7.04 
a = 3.027 Å 
c = 13.976 Å 
Mo1 
B1 
B2 
B3 
0.333 
0.333 
0.333 
0.000 
0.667 
0.667 
0.667 
0.000 
-0.136 
0.477 
0.250 
0.250 
𝑃6/𝑚𝑚𝑚-MoB2 8.88 8.00 
a = 3.030 Å 
c = 3.349 Å 
Mo1 
B1 
0.000 
0.333 
0.000 
0.667 
0.000 
0.500 
𝑅3̅𝑚-Mo2B5 12.68 4.59 
a = 3.086 Å 
c = 21.494 Å 
a = 3.01 Å [1] 
c = 20.93 Å [1] 
a = 3.1 Å [2] 
c = 20.92 Å [2] 
Mo1 
B1 
B2 
B3 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.0755 
0.184 
-0.331 
0.500 
𝑃63/𝑚𝑚𝑐-Mo2B5 8.85 6.51 
a = 3.015 Å 
c = 14.795 Å 
Mo1 
B1 
B2 
B3 
0.000 
0.333 
0.333 
0.000 
0.000 
0.667 
0.667 
0.000 
-0.398 
0.200 
0.500 
0.250 
𝑅3̅𝑚-MoB3 9.26 5.75 
a = 5.227 Å 
c = 9.382 Å 
a = 5.224 Å [4] 
c = 9.363 Å [4] 
Mo1 
B1 
0.000 
0.000 
0.000 
0.665 
0.165 
0.000 
𝑃63/𝑚𝑚𝑐-MoB3 9.27 5.75 
a = 5.212 Å 
c = 6.305 Å 
a = 5.208 Å [3] 
c = 6.290 Å [3] 
Mo1 
Mo2 
B1 
0.000 
0.333 
-0.335 
0.000 
0.667 
0.000 
0.250 
0.750 
0.000 
𝑃63/𝑚𝑚𝑐-MoB4 8.41 6.01 
a = 2.951 Å 
c = 11.005 Å 
Mo1 
B1 
0.333 
0.333 
0.667 
0.667 
0.750 
-0.044 
13 
 
a = 5.203 Å [2] 
c = 6.348 Å [2] 
B2 0.333 0.667 0.388 
𝑃𝑚𝑚𝑛-MoB5 8.31 4.99 
a = 5.197 Å 
b = 6.374 Å 
c = 8.993 Å 
Mo1 
Mo2 
Mo3 
B1 
B2 
B3 
B4  
B5 
0.250  
0.250 
0.250 
0.081 
-0.417 
0.415 
0.431 
0.250 
0.250 
0.750 
0.750 
0.494 
0.498 
0.494 
0.250 
0.250 
-0.419  
0.252 
-0.087 
0.416 
0.252 
0.082 
0.309 
0.129 
Thermodynamic stability  
Table S2. Formation and zero point energies of predicted phases. 
Phase 
Eform, eV/atom 
(no ZPE) 
ZPE, meV/atom 
Eform, eV/atom 
(ZPE) 
Mo 0.000 6.00 0.000 
𝐼4/𝑚𝑐𝑚-Mo2B -0.311 7.29 -0.313 
𝐼4/𝑚𝑐𝑚-Mo5B3 -0.330 9.09 -0.332 
𝑃4/𝑚𝑏𝑚-Mo3B2 -0.371 9.99 -0.373 
𝐼41/𝑎𝑚𝑑-MoB 
(α-MoB) 
-0.489 11.11 -0.491 
𝐶𝑚𝑐𝑚-MoB 
(β-MoB) 
-0.477 11.40 -0.479 
𝑅3̅𝑚-MoB2 -0.437 12.67 -0.439 
𝑃63/𝑚𝑚𝑐-MoB2 -0.432 14.45 -0.434 
𝐶2/𝑚-MoB2 -0.392 12.49 -0.394 
𝑃6/𝑚𝑚𝑚-MoB2 -0.276 12.11 -0.278 
𝑃63/𝑚𝑚𝑐-Mo2B5 -0.348 14.53 -0.350 
𝑅3̅𝑚-MoB3 -0.315 15.82 -0.317 
𝑃63/𝑚𝑚𝑐-MoB3 -0.308 15.93 -0.310 
𝑃63/𝑚𝑚𝑐-MoB4 -0.249 15.26 -0.251 
𝑃𝑚𝑚𝑛-MoB5 -0.225 16.50 -0.227 
α-B 0.000 20.90 0.000 
β-B 0.0018 19.61 0.0005 
 
Table S3. The comparison of calculated enthalpy of formation of Mo2B, MoB and MoB2 with 
experimental data from Ref. [5] 
Compound/temperature Mo2B MoB 
MoB2 (Mo2B5 in 
Ref. [5]) 
H0(T)-H0(300K), 
kJ/mol 
Exp. Our data Exp. Our data Exp. Our data 
500 K 12.024 11.563 8.410 7.949 23.882 23.688 
1000 K 51.109 55.363 32.695 36.949 115.294 119.791 
1500 K 95.048 107.024 58.298 70.274 194.890 206.793 
2000 K 142.006 152.570 94.959 105.523 - - 
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Mechanical properties 
Table S4. Mechanical properties of predicted stable boron-rich MoBx (x = 1…5) phases at 0 K. 
Phase Elastic tensor Cij, GPa 𝐻𝑉
𝐶 , GPa 𝐻𝑉
𝐿𝑂, GPa KIC, MPam
0.5 
𝐼41/𝑎𝑚𝑑-MoB 
(
  
 
652 177 228 0 0 10
652 228 0 0 −10
593 0 0 0
219 0 0
219 0
207)
  
 
 
22.1 
23.0 28 
18.5 3.63 
𝐶𝑚𝑐𝑚-MoB 
(
  
 
523 208 190 0 0 0
513 205 0 0 0
560 0 0 0
201 0 0
232 0
204)
  
 
 
21.6 
24.5 28 
18.2 3.57 
𝑅3̅𝑚-MoB2 
(
  
 
553 136 164 0 0 0
553 164 0 0 0
663 0 0 0
221 0 0
221 0
212)
  
 
 
25.7 
24.2 82 
19.3 3.05 
𝑅3̅𝑚-MoB3 
(
  
 
593 100 156 0 0 0
593 156 0 0 0
412 0 0 0
247 0 0
247 0
249)
  
 
 39.9 28.9 3.25 
Pmmn-MoB5 
(
  
 
578 121 114 0 0 0
528 120 0 0 0
531 0 0 0
242 0 0
249 0
241)
  
 
 37.4 34.5 3.53 
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Other information  
 
 
Fig. S1. Dependence of the Gibbs free energy of formation on the temperature of β-B105 (blue 
color) and β-B106 (red color) with respect to α-B12 (black color). 
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Fig. S2. Convex hull diagrams of Mo-B system calculated at different temperatures. 
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Fig. S3. Atom-projected bands structure of MoB5 together with DOS. Violet color is for Mo, green 
– boron.  
 
 
Fig. S4. Phonon density of states for Pmmn-MoB5. 
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